 Advanced glycation end products (AGEs) are compounds formed endogenously in the human body and are taken up with the diet  AGEs might have an impact on human health depending on absorption, distribution and elimination of the compounds.
Introduction
Thermal processing is a common method for food production. Due to high temperature techniques, flavoring and coloring substances are formed which are desirable effects for some food products:
roasting of coffee, cocoa and cereals, baking of cakes and bread as well as grilling of meat increases the 'quality' of these foods ( Figure 1 ). The underlying mechanism for their formation is the so-called
Maillard reaction, the term for a series of non-enzymatic reactions starting with the reaction between the carbonyl group of a reducing sugar and a free amino group of, for example, a protein [1] . The rate of the Maillard reaction is accelerated by increasing temperature, influenced by the pH value and decreasing size of the sugar reactant. However, non-enzymatic glycation occurs also at physiological temperatures and pH values. The formation of Maillard reaction products (MRPs) and color formation due to food storage is not an intended effect for some foods such as milk and white chocolate. In addition to the generation of flavorings and colorings, the Maillard reaction causes formation of probably carcinogenic acrylamide and mutagenic heterocyclic aromatic amines. . These products belong to the group of advanced glycation end products (AGEs). In addition, to the AGEs from the Maillard reaction advanced lipoxidation end products [3] can be formed during thermal processing and in the human body. These compounds undoubtedly have implications on the human health as well; however, this review selectively emphasized the association between dietary AGEs and human health.
In general, the group of AGEs is very heterogeneous and includes probably many more products than identified at the moment. In the Maillard reaction, these are formed not only due to reactions of reactive aldehydes -CML, for example, is also generated by cleavage of early Maillard products. The products can be grouped into fluorescent and non-fluorescent AGEs as well as cross-linking and non- properties [2] . However, modifications of amino acids and proteins also limit their bioavailability.
Mostly, glycation takes place on free lysine or arginine residues. As lysine is one of the essential amino acids, this may lower the nutritive value of a food product. Mostly, glycation takes place on free lysine or arginine residues, however, cysteine, tryptophan and histidine residues are also favorable glycation targets. As lysine and tryptophan are essential amino acids, this may lower the nutritive value of a food product. In 1981, it was found that the Maillard reaction occurs not only during food processing and storage but also in the human body [3] . In vivo, the Maillard reaction is only one mechanism leading to the formation of AGEs. Among other reactions, precursors of AGEs are formed as by-products of glycolysis or lipid peroxidation. Elevated AGE levels have been demonstrated during aging but predominantly under high-blood glucose condition as this is the case in patients with diabetes mellitus [4, 5] . Once it was discovered that AGEs are formed and AGEmodified proteins accumulate in vivo, biological effects of AGEs have been extensively studied showing that there is not only an accumulation of these products but that they also have harmful potential. AGEs are discussed to contribute to age-related changes and diabetic complications due to the following mechanisms: On the one hand, glycation directly alters structure and function of proteins. On the other hand, some products act as ligands for cellular receptors activating diverse cell signaling pathways. A pro-inflammatory and pro-oxidative response is suggested due to receptor interaction. Subsequently, the questions arose if dietary AGEs also contribute to the human's AGE pool and if this has any impact on human health. Studies therefore focused on identification and analysis of dietary AGEs, their metabolic transit and, of course, their impact on primary and secondary health outcomes. For this review, best matching and highly cited studies from PubMed were included that focused on identification and analysis of dietary AGEs, their metabolic transit and, of course, their impact on primary and secondary health outcomes. Moreover, studies from rat and
mice were only included if human studies were absent for specific health implications of AGEs. In the following sections we will give an overview on the state of current scientific knowledge in this field.
Foods and dietary AGEs

AGE analytics
There are series of analytical approaches to analyze AGEs including classical chromatographic and immunochemical methods (Table 1) . Common chromatographic methods are high performance liquid chromatography with ultraviolet-or fluorescence detection (HPLC-UV/FD) [6, 7] and ultraperformance liquid chromatography with tandem mass spectrometry detection (UPLC-MS/MS) [8, 9] using a broad range of different separation systems, from reversed phase (e.g. C18) to ion exchange and affinity based columns. In addition, gas chromatography with mass spectrometry (GC-MS) is a commonly used method to analyze e.g. CML in foods [10, 11] . However, a standardized approach to quantify AGEs simultaneously still remains unestablished, probably because of the vast heterogeneity of the AGEs and the different matrices this method would have to deal with. Due to the characteristic fluorescence of some AGEs, fluorescence detection can be used for analytical measurement of e.g. pentosidine or argpyrimidine. Mass spectrometry, in turn, enables the detection of glycated products almost independently of physical and chemical properties. Moreover, mass spectrometry is applied to discover novel glycation products (see HPLC-MS/MS method). A discovery of unknown AGEs as well as an overview on protein glycation can be also achieved by MALDI-TOF mass spectrometry [12] . In contrast, immunochemical methods are not used for identification of novel products, but routinely for AGE detection and/or quantification in biological samples. Immunochemical methods include most commonly enzyme-linked immune sorbet assay (ELISA), but also dot blot and Western blot analysis as well as immunohisto-or immunocytochemical studies are performed with AGE-specific antibodies.
The precise detection and quantification of dietary AGEs strongly depends on the matrix. While working protocols differ between different types of food the precision and accuracy shows tremendous differences even in the same type of matrix depending on the detection method used;
i.e. HPLC-MS vs. ELISA (Table 1) . A reason for this is the different quantification basis used for the calculation. While ELISA protocols mainly express equivalents of specific AGEs, chromatographic approaches give concentrations. The conversion from one to the other is difficult and most commonly leads to unprecise values. Following this thought, it is reasonable that the establishment of a rugged and safe method would be a milestone to compare different foods matrices as well as physiological concentrations expectable in healthy versus pathological phenotypes like diabetes mellitus.
AGEs in foods: AGE databases
After it was discovered that the formation of AGEs occurs in foods, analytical methods for AGE detection were established and AGEs were analyzed in a broad range of food products. The first database with foods and their CML content was published in 2004 based on the measurement of CML with the ELISA method using a monoclonal antibody against CML [13] . This database includes the CML content of 250 foods and it was demonstrated that food products with high CML content are foods high in protein and fat whereas foods with low CML levels include carbohydrate-rich products. This is rather unexpected since AGEs such as CML are formed from carbohydrates. The CML database was expanded to 549 foods in 2010 including also the impact of cooking methods [14] .
In 2012, another list of food items was published in which the CML content of 257 foods was detected by UPLC-MS/MS [9] . Based on this analytical method, cereals had the highest CML content and fruits and vegetables the lowest. Since recently, a database including the content of CML, CEL and MG-H1 is available [8] . The protein fraction of 190 food items was analyzed by UPLC-MS/MS method which enables the detection and of CML, CEL and MG-H1 in one run. In general, dietary CML was comparable with CEL in foods while MG-H1 was consistently higher compared to CML and CEL.
Highest amounts of CML and CEL were 5-7 mg/100 g food (peanut butter, chocolate sprinkles, black
. 63 mg MG-H1/100 g (black pudding) were the maximum measured in selected foods.
There were also some products in which MG-H1 was equal or lower such as certain kinds of milk, cheese and chocolate. Based on this database, canned meats and nut or grain products processed at high temperatures had the highest and butter, coffee, fruits and vegetables the lowest AGE content.
In all databases, there is accordance that the AGE content of fruit and vegetables is negligible.
However, for some foods there is a strong difference regarding the CML content. For example, CML content varied in high fat products such as butter: No CML was detected by UPLC-MS/MS method [8] whereas very high CML levels were measured with the ELISA method [13, 14] . But also differences in carbohydrate-rich foods were observed: for cereals, biscuits, cookies high CML content was measured with UPLC-MS/MS method [8, 9] while ELISA measurements [13, 14] [14] .
Correlation coefficient values of 0.4614 and 0.4801 were observed for LC-MS/CML database and Therefore, different cooking methods such as boiling versus frying and grilling are commonly used in intervention studies.
Daily AGE intake
As described above, AGEs are formed in foods, thus, humans are constantly exposed to these products by their diet. In several studies the daily dietary AGE intake was calculated on the basis of the described AGE databases ( Table 2 ). In most studies the database published by Goldberg et al./
Uribarri et al. was used which estimates the AGE content in foods based on ELISA measurement using monoclonal anti-CML antibody [13, 14] . In addition to various studies of the same research group [17] [18] [19] [20] , this includes reports from other laboratories [21] [22] [23] [24] . The daily dietary AGE intake was calculated for healthy people with different age and people suffering from metabolic syndrome and chronic diseases such as diabetes mellitus and kidney disease. Not considering the health status of the study population, the daily intake of dietary AGEs ranged from 4,000 to 24,000 kU/day 1 . For healthy people a daily AGE intake of around 9,000-23,000 kU/day was determined. One reason for the high discrepancy between the values is the usage of different diet record methods. Lowest intake was calculated using a food record which estimates foods consumption before the assessment day.
In turn, highest daily AGE intake was determined using a food frequent questionnaire alone. A 3-day food record is the most common method to estimate food consumption. Nevertheless, also on the basis of the 3-day food record, daily dietary AGE intake of healthy people ranged from 12,000 to 20,000 kU AGEs/day. AGE uptake in healthy participants was additionally characterized with respect to age. While de la Maza et al. found no differences between middle-aged and aged participants [23] , 1 One AGE Unit was defined as the amount of antibody-reactive material that was equivalent to that in 1 µg of an AGE-BSA standard. (Patent by Buccalla et al. WO/1993/013421) Atherosclerosis Maastricht (CODAM) study [26] . The daily intake of CML, CEL and MG-H1 was calculated based on a FFQ which included accustomed food intake over the last year. The following AGE intake was calculated for participants with elevated risk for type 2 diabetes mellitus (T2DM) and cardiovascular disease: The average dietary CML intake was 3.1 mg/day; dietary CEL and MG-H1 were 2.32 mg/day and 21.7 mg/day, respectively. As criticized by the authors themselves, the FFQ did not include food preparation techniques so that for 10% of the food items included in the 
Do AGEs contribute to body's AGE pool? -Metabolic transit and influence on circulating and tissue AGEs
Once it was discovered that AGEs are also formed in the human body and that there might have harmful potential, the question arose whether dietary AGEs contribute to the human's AGE pool.
Therefore, it was necessary to study the metabolic transit of dietary AGEs in more detail (see Figure   2 ). First hints for biotransformation processes of AGEs in general were given as AGEs such as CML and pyrraline were detected in urine samples [28, 29] . CML in the urine was measured even before its formation via the Maillard reaction was identified [30] . The contribution of dietary AGEs towards the body's AGE pool was first examined by measuring CML in serum and urine after AGE meal ingestion [31] . Here, it was concluded that in healthy persons 10% of dietary AGEs are absorbed of which only 30% was detected in the urine. In the following years, the association of dietary AGE intake with plasma/serum and urinary AGEs was examined in different observation studies. In a cross-sectional study of CKD patients, dietary AGE intake was positively correlated with serum CML levels [19] . In 172 healthy participants, Uribarri et al. reported that dietary intake of AGEs correlates with serum AGE levels independent of the age and the energy uptake of the patients [17] . Also in the observation study of 67 healthy adults, dietary AGE intake was positively correlated with serum CML
and MG derivatives [18] . In contrast to these studies demonstrating that increased dietary AGE [37] . Pyrraline has been detected in foods as one of the commonest individual
AGEs. This includes milk (sterilized and evaporated) as well as bread crust with concentrations of up to 150 and 3700 mg/kg protein, respectively [38] . Using reversed-phase HPLC with UV detection decreased free pyrraline was detected in human urine samples after restriction of foods rich in Maillard products [37] . When returning to normal diet urinary pyrraline levels increased to baseline values giving further evidence that dietary pyrraline is resorbed, reaches the circulation and is excreted via the kidney. The amount of dietary pyrraline was calculated on the basis of food protocols and data for pyrraline content in food. It was concluded that dietary pyrraline was almost completely adsorbed and readily eliminated. The results of the study were confirmed in another [8] . By cross-sectional analyses, the association between dietary and plasma or urinary AGEs was studied. There was no association of higher dietary
AGEs and higher levels of protein-bound AGEs in the plasma. On the contrary, higher dietary AGE intake was associated with higher free plasma and free urinary AGE levels. These findings point toward necessity to discriminate between free and protein-bound dietary AGEs when studying the metabolic transit as well as the influence on circulating AGE levels.
There is increasing evidence that dietary AGEs are absorbed in the digestive tract and circulate in the blood stream until they are eliminated in the urine. However, do dietary AGEs also cause increased tissue AGE levels? The knowledge of uptake, distribution and excretion are also summarized in 
AGEs and Ageing
In negatively affected by dietary AGEs [69] [70] [71] [72] [73] [74] [75] [76] . Moreover, similar conclusions were drawn in studies on sarcopenia [77] . Despite the growing evidence that AGEs contribute to decline in motor functions in elderly people as reviewed by Drenth et al. 2006 , the causal relationship of high AGEs levels as risk factor for increased frailty remains to be further investigated [78] . Due to the lack of human trails, knowledge on the direct connection of dietary AGEs and diminished motor functions with ageing is based only on rodent models. These studies, however, indicate a direct link between dietary AGEs burden and reduced fracture resistance in rabbits via loss of the intrinsic toughening mechanisms [79] . Studies from mice show that chronic ingestion of dietary AGEs is associated with an elevated susceptibility to tendon injuries and degenerative spinal changes [80, 81] . Thus it can be hypothesized, that the chronic ingestion of dietary AGEs in humans might contribute to an increased frailty of elderly people.
In addition, to a higher susceptibility to frailty and despaired brain functions, elderly people are known to be more prone to cancer development as a result of an accumulation of several dysfunctions, i.e. accumulated DNA damage, irreversible protein modifications, as well as elevated oxidative stress and inflammation. A growing number of studies, therefore, focused on the connection of dietary AGEs and the development and disparity of cancer. The elevation of susceptibility to cancer is mostly hypothesized to be associated with the increase of RAGE-dependent stress response, subsequently mediating oxidative stress and inflammation [82] [83] [84] . This hypothesis is substantiated by studies emphasizing the metabolic alterations within the development of, e.g.,
polycystic ovary syndrome [85] [86] [87] , Barret's esophagus [88] , and pancreatic [89, 90] , prostate [91] and colorectal cancer [92] .
To antagonize the detrimental effects of dietary AGEs on human health and ageing several therapeutic approaches were suggested including AGEs restriction in the diet [25, 50, 61, 62, 93, 94] , reduction of AGE formation via the application of antioxidants such as polyphenols from berries or the Mediterranean diet [59, 95, 96] or by applying AGE inhibitors [97, 98] . The effectiveness of these interventions on the progress of ageing and the associated age-related disease must further be emphasized by future studies.
Quality and limitations of human studies investigating the effect of dietary AGEs
To obtain information on the relevance and importance of the above described findings quality assessment of the human studies was included in some reviews. Kellow within and between the reviewed studies not only impedes comparability of the findings but also limits meta-analyses with numerous studies. Most studies were performed within the same research group so that also most meta-analysis included only studies from one group. Meta-analysis has to be considered as critical when it is dominated by a singly study. For example, regarding the lipid profile one study was weighted up to 99% [50] . The weighing of one individual study is inversely related with the standard error. However, this means that this one study (out of 6) mainly influenced the result of the meta-analysis.
Proving causality of dietary AGEs on health outcomes due to different diets is challenging.
Intervention studies examining the effect of dietary AGEs are predominantly based on diets in which the cooking method was changed. To achieve differences in dietary AGE intake, diets are based on raw and steam-cooked foods on one side and on the other side on foods prepared with high cooking techniques such as grilling, roasting or frying. The latter is often associated with the normal diet.
Different cooking techniques not only influence levels of dietary AGEs but also other Maillard products such as acrylamide and hydroxymethylfurfural [51] . In addition, it was shown that high temperature cooking techniques lead to several changes regarding the diet composition [51]. For example, high cooking techniques decreased the water content of foods so that caloric intake per 100 g food increased. High temperatures also caused degradation of micro-nutrients and frying increased fat and total caloric intake. Therefore, care should be taken when providing diets which are not further analyzed. On top of that, there are studies in which dietary intervention was based on food preparation advices only and no information on detailed food intake was published. As suggested by the authors [51], it might be necessary to compensate dietary differences. It has also been reported that certain dietary components are related to, for example, endothelial activity, insulin resistance or inflammation. In particular, Sjögren et al. demonstrated that in healthy Swedish men energy and alcohol intake is positively correlated with endothelial activity score while there is a
negative relationship between intake of carbohydrates, folate, magnesium and beta-carotene with this score [52] . No relation was found for CML.
Conclusion
The Maillard reaction causes the formation of AGEs in foods, especially, due to high temperature processing techniques. To assess their risk potential for human health, studies of the last years investigated not only AGEs in foods, but also focused on their influence on circulating, urinary and tissue levels and most importantly their effect on health outcomes. (4) 
